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ABSTRACT

] 1 Oct 2010

al We report the discovery by ti@oRoT space mission of a transiting brown dwarf orbiting a F7V stiéh an orbital period of 3.06 days. CoRoT-
15b has a radius of 1122 Ryup @ mass of 6384.1 M,,p, and is thus the second transiting companion lying in theritecal mass domain of
brown dwarfs. CoRoT-15b is either very young or inflated carag to standard evolution models, a situation similar & &f M-dwarfs stars
orbiting close to solar-type stars. Spectroscopic comtrand an analysis of the lightcurve favors a spin peridd/éen 2.9 and 3.1 days for the
O central star, compatible with a double-synchronisatiothefsystem.
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1. Introduction 2. CoRoT observations

since the start of 2007 and extended to the end of 2013, is ¥8ar after its launch. It corresponds to the third short nohwas
signed to find transiting exoplanets. A natural product o thlocated towards the so-called galactic anti-center divact his
mission is that any object with size of Jupiter or lower thd¢!n started on 2008 October 11 and ended on 2008 November
transits its host star can be detected. This includes stafid 12, constituting of a total of 31.7 days of almost-continsiob-
sub-stellar companions such as M-dwarfs and brown dwaf@rvations.

(BDs). In the mass-radius diagram of transiting compan@ns More than 30 multi-transiting candidates for planets were
biting solar-type stars, there is up until now only one knowfound among the 10265 targets of the SRa02 field. About half of
brown-dwarf, CoRoT-3b (Deleuil, et al. 2008), located i ththem were clearly identified as binaries from light-curvalgn
[gap in mass between planetary and low-mass star companisissand around tenth of high priority planet-size candislatere

. Determination of the physical properties of such objects aselected in this short run including SRaB2 4106 afterwards
fundamental to understand the link between the populatfon @alled CoRoT-15. The various ID of this target, includingco
planets and low-mass stars and to distinguish the formatioh dinates and magnitudes are listed in table 1.

evolution processes of the two populations.

We report in this paper the discovery of a new transiting

brown-dwarf byCoRoT established and characterized thanks 9 CoRqT light curve analysis
ground-based follow-up observations. CoRoT-15b, withstit e
mated radius of 1.12 fg, and an estimated mass of 63.3JM CoRoT-15, with an estimated V magnitude close to 16, is lo-
orbits in 3.06 days an F-type dwarf with solar metallicity. cated at the faint end of the stellar population observed by
CoRoT. In this magnitude domain, the signal is notfaient
to split the photometric aperture in three colors and the ex-
- acted lightcurve, also called white lightcurve, is momas
* The CoRoT space mission, launched on December 27th 200 - - :
has been develoged and is operated by CNES, with the cotntribu laztlc (LIetéar(lja & Glﬁ}tem;]a\? 2006). (;I'he sampling [a(tje Wgzs at
of Austria, Belgium, Brazil , ESA (RSSD and Science Prograjm > Seconas ¢ u”ngt_ ewhnolerunan n.o.t oversample to 32 sec
Germany and Spain. Observations made with HARPS specpiogia ONdSs since this candidate was not identified with the alarmemo
ESO La Silla Observatory (184.C-0639). (Surace et al._2008). Figl 1 shows the lightcurve of CoRoT-15

1 After submission of our manuscript, Johnson etal (201ppred delivered by the N2 data levels pipeline. This lightcurveuste
the discovery of the transiting brown dwarf LHS6343C wittadius of noisy and is ffected by several high energy particles impacts
0.996+ 0.026 Ry, and a mass of 70.6 2.7 My,p. which result in hot pixels as well as possible stellar valitgb

arXiv:1010.0179v1 [ast



http://arxiv.org/abs/1010.0179v1

2 Bouchy, F. et al.: CoRoT-15b: a brown dwarf transiting camipn

Table 1. IDs, coordinates and magnitudes. served during a transit event on 2010 January 13 with timiesse
photometry at the IAC80 telescope, from HID 2455209.480 to

CoRoT window ID SRa02E1.4106 .676. The resultant lightcurve was notfisciently precise to
CoRoT ID 221686194 identify the expected transit on the target, due to photdmet
USNO-B1 1D 0961-0097866 errors introduced by the presence of thin cirrus. Howeves, t
2MASS ID 062827810611105 absence of large brightness variations in the neighbotarg al-

RA (J2000) 06:28:27.82 lowed us to exclude nearby eclipsing binaries as a sourdeeof t
Dec (J2000) +06:11:10.47

signals that were observed BpRoT. The contamination factor

g%; 1228 was derived from a measure of the distance and brightness of
R12 15.47 the nearby stars on a subset of these IAC80 R-filter images ob-
R2? 15.43 tained with the best seeing of that night (1.7 arcsec). Tentye

|a 14.83 stars were identified, with six of them contaminating@aRoT

Ng 13.801+ 0.026 window aperture with a flux level that amounts to #093% of

HP 13.423+ 0.037 the main target flux. We checked furthermore that none of the
Kb 13.389+ 0.050 known nearby stars is bright enough to be contaminating®cli

a from USNO-B1 catalog in_g binaries. The image of the sky around CoRoT-15 is shown in
b from 2MASS catalog Fig.[2.

1 arcmin

Relative flux

M. P T EU N B
4755 4760 4765 4770

Time (HJD—2450000.0)

P R T
4775 4780

Fig. 2. The image of the sky around CoRoT-15 (star in the cen-
tre). Left: R-filter image with a resolution of 1.7” taken Withe
IAC80 telescope. Right: Image taken BpRoT, at the same
Fig.1. Raw light curve of CoRoT-15. scale and orientation. The jagged outline in its centredgtio-
tometric aperture mask; indicated are amRoT’s X and y im-
age coordinates and positions of nearby stars which areein th

Afirst analysis of the lightcurve (LC), based on a trapezbid&xo-Dat (Deleuil et al 2009) database.
fit to each individual transit, reveals periodic transitshadepth
of 0.68% and a period of 3.06@8.0008 days.

Since theCoRoT lightcurve is relatively noisy, no meaning-
ful limits to either the visible-light albedo of the companinor
to its dayside surface temperature could be established.

From the raw lightcurve, we tried to estimate the stellar rd?adial velocity (RV) observations of CoRoT-15 were perfedn
tation period. We filtered out variations with timescaleersér with the HARPS spectrograph (Mayor etlal. 2003) based on the
than 15 data points~@.13h) to reduce sensitivity to the satel3.6-m ESO telescope (Chile) as part of the ESO large program
lite orbital &fects and other short term variations, and we thel84.C-0639 and with the HIRES spectrograph (Vogt et al. 1994
removed the transits. The computed LS periodogram appearbased on the 10-m Keck-1 telescope as part of NASAS key sci-
be quite noisy andfkected by low-level discontinuities in theence project to support ti@RoT mission.
lightcurve. There is tentative evidence of a possible rohal HARPS was used with the observing mode _é8lf, with-
modulation at either 2.9, 3.1 or 6.3 days in the light curug, bout simultanenous thorium in order to monitor the Moon back-
the data does not enable us to estimate the period moreggseciground light on the second fiber. The exposure time was set to 1
or to distinguish between these values. hour. A set of 9 spectra was recorded between November 24th

2009 and February 21th 2010. We reduced HARPS data and

) computed RVs with the pipeline based on the cross-corogiati
4. Ground-based observations techniques (Baranne etfl. 1996; Pepe étal.2002). Thelsigna
noise ratio (SNR) per pixel at 550 nm is in the range 3 to 7.8 for
this faint target. It corresponds to the faint end in magtetéor
Ground-based photometry was performed with the aim of refillARPS follow-up observations. Radial velocities were ated
ing the target ephemeris, to verify that none of its closest c by weighted cross-correlation with a numerical G2 mask.
taminant stars correspond to an eclipsing binary and tor-dete HIRES observations were performed with the red cross-
mine the contamination from nearby stars ing@#RoT’'s pho- disperser and the-cell to measure RVs. We used the 0.861”
tometric aperture mask (Deeg etlal. 2009). CoRoT-15 was okide slit that leads to a resolving power Bf ~ 45,000. The

4.2. Radial velocity follow-up

4.1. Ground-based Photometric follow-up
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Table 2. Radial velocity measurements of CoRoT-15 obtained CoRoT—15b HARPS + KECK

by HARPS and HIRES. BJD is the Barycentric Julian Date. wbE T s ]
BJD RV +1lo I & L
-2400 000 [kms!] [kms i J/ N

HARPS 3.6-m ESO — 5 o
55159.81312 9.944 0.308 2 [ / o
55169.77922 2107  0.315 . 2 3
55235.60498 2.849 0.380 > F / 1
55236.59903 8.057 0.392 Y 8 .
55241.55686 0.119 0.338 [ %ﬁ i
55243.55544 -2.422  0.222 L ; ]
55246.56091 -2.684 0.434 r \\ ’ 1
55247.55392 -1.318  0.411 S L L L ]
55248.54372 10.235 0.357 0 0.2 0.4 0.6 0.8 1
HIRES 10-m Keck Orbital phase

55221.76973 1.084 0.291
55221.81404 0.890 0.189 Fig. 3. Phase-folded radial velocity measurements of CoRoT-15
55221.82490 0.556 0.289 with HARPS (dark circle) and HIRES (open triangle)
55221.89482 -0.232 0.220
55221.90689 -0.492 0.216
55221.97788 -1.869 0.353
55221.99025 -1.750 0.147 4.3. spectral classification
ggggg:gg?gg _g:ég? 8:332 Three HIRES spectra of CoRoT-15 were acquired without the
55223.73904 6.527 0.113 iodine cell. Each spectrum was set in the barycentric rashd,
55224.82036 1.593 0.374 cleaned from cosmic rays and from the moon reflected lighg. Th
55224.83152 1.818 0.303 co-addition of these 3 spectra results in a master spectowm ¢
55225.04022 -1.345  0.515 ering the wavelength range from 4100 A to 7800 A with a SNR

per element of resolution in the continuum ranging from 20 at
5300 A up to 70 at 6820 A. The 9 co-added HARPS spectra

contamination of the HIRES spectra by scattered moon ligist wunfortunately did not permit to reach a better SNR.
significant for this faint target, but the 7 tall decker alled us to From the analysis of a set of isolated lines, we derived a
properly correct for the background light. Three specttasit vsini of 19 + 2 kms?®. The spectroscopic analysis was car-
the lodine cell were obtained on 2010 december 2 and januaryi@d out using the same methodology as for the prev@nRoT
These 3 spectra were co-added to serve as stellar tempiée fo planets and described in details in Bruntt et/al. (2010). e\,

RV measurements, and to be used for the determination trstethe moderate SNR of the master spectrum of this faint target,
parameters (see Sect.}4.3). Over a 4-nightrun from 201@8ancombined to the marked rotational broadening of the spectra
25 to January 28 we have collected 13 spectra of CoRoT-15 wiithes prevented an accurate measurement of the star’s photo
the -cell. The average SNR of the spectra with theéll range  spheric parameters. The derived stellar parameters aoeteelp
from 13 to 22 (per pixel) in the iodine region from 500-620 nmin Table3.

Differential radial velocities were qomputed using testral Following Santos et al[ (2002) methodology, we also esti-
Doppler code (Endl et al. 2000). Nine RV measurements Weigated thevsini and an Fe/H] index from the HARPS cross-
made during a transit event on 2010 January 25 but were not sgéyrelation average parameters (FWHM and surface). Asgyimi
sitive enough to detect the signature of the Rossiter-Mghén 5 B — v of 0.5, we estimated thesini of the target to be
effect expected to have, for this high rotating star, an amgditu16:1 kms? an [Fe/H] index close to zero (solar metallicity)

of about 100 ms". _ N . _in agreement with the spectral analysis.
The HARPS and HIRES radial velocities are given in

Table[2. The two sets of relative radial velocities were $imu

taneously fitted with a Keplerian model, with the epoch and p

riod of the transit being fixed at theoRoT value and with an 5. System parameters

adjusted ffset between the two fierent instruments. No sig- The time span of the CoRoT light curve is relatively short] an
nificant eccentricity was found and we decided to set it tozetthe RV data was collected on year later. Jointly analysireg th
We found a systematic shift in phase using @&RoT period two datasets therefore yields significantly improved caiists

of P=3.0608 days. It comes from the fact that the quite largm the period® and time of transit centr&;. To do this, we used
uncertainty on the&CoRoT period (69 seconds) may introducea Metropolis-Hastings Markov Chain Monte Carlo (MCMC) al-
after one year a systematic shift of more than 2 hours. When gerithm (see appendix 1 of Tegmark et[al. 2004 for a general
adjust the period with the RVs fixing the transit epoch as ddescription of MCMC algorithms and Winn et al. 2008 and ref-
termined fromCoRoT lightcurve T&E54753.557@ 0.0028, the erences therein for a detailed description of their appiticao
best solution is obtained for=3.06039+ 0.00014 days and a transits). This has the added advantage of yielding fulteyas
semi-amplitudé<=7.376+ 0.090 kms?. The dispersion of the probability distributions for the fitted parameters, emsyithat
residuals is 0.325 knT$ and the reducegl? is 0.90. The joint the efects the well known degeneracy between the orbital incli-
analysis of the photometric and RV data, presented in S€Btio nationi and system scala/R, (which leads to highly skewed
does not change significantly the results. Figure 3 showtheall probability distributions for these parameters, as wefioashe
radial velocity measurement after subtracting the Rget and radius ratioR;/R,) are properly taken into account in the final
phase folded to the updated orbital period. uncertainties.
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The light curve was first pre-processed to remove out-of- 1415
transit variability as follows. Outliers were identifiedig an Lotol
iterative non-linear filter (see Aigrain et al. 2009), andraight ' } +
line was fitted to the region around each transit. THeat of ooy | , L, b
contamination reported in sectibil4.1 was taken into addoyin 51000 ;‘“l‘, !Jlil ..,:J'.:.uu'
subtracting a constant amount of flux equal to 1.9% of the mea £ ,..,| MM ' il il
flux from the light curve. Each section of the light curve was *
thus normalised, and a visual check was performed to ensut
that no residual discontinuitiegfacted the preprocessed light o985}
curve. The photometric uncertainties were then estimatad f 0,088
the out-of-transit scatter in the preprocessed light csaation o010}
around each transit. The light curve was modeled using the fo  o.osr
malism of Mandel & Agol[[2002). Given the relatively low SNR £ ©°%
of the transits, we opted to fix the quadratic limb-darkerpag ~ “oor|
rametera, andu, at the values given by Sing et dl. (2010) for 015
the star's &ective temperature, gravity and metallicity (adopted
values:u, = 0.32,u, = 0.30). The RV data were modelled us-
ing a Keplerian orbit with eccentricity fixed at zero, sinbet Fig.4. Folded, detrended light curve of CoRoT-15 (top), show-
data show no evidence for a significant eccentricity. Tha-reling the best fit transit model (red solid line) and residubtst{
tive zero-point of the HARPS and HIRES velocitié¥, was tom).
allowed to vary freely. The parameters of the MCMC were thus
P, Ttr, Re/Rx, a/Ry, the radial velocity semi amplitude, the
systemic radial velocity/sys andsVo.

0.990 -

After an initial chain of 16 steps to adjust the MCMC step 5 R, /R, o/R,
sizes for each parameter, we ran 10 MCMC chains 6fst@ps, %065, 06 BO7 6:08 909 4 6 8
each with diferent starting points. The convergence of the chains : ‘ |

L]

was checked using the Geldman-Rubin statistic (Geldman &
Rubin[1992, Brooks & Geldman_1997). The chains were ther
combined (after discarding the first 10% of each chain, wher¢
the MCMC is settling from its starting point) to produce post
rior probability distributions for each parameters. Wearpn
Table[3 the median of the probability distribution for eact p
rametef. To estimate uncertainties for each parameter, we com
puted the range of values which encloses 68.5% of the probe
bility distribution (rejecting 16.25% at each extremumyr@n-
certainties thus correspond to 68.5% confidence interjas,

as classical Ir uncertainties do for a Gaussian distribution. The
best-fit transit model is shown superimposed on the foldgd li
curve in FiguréH#. To highlight the correlations betwéeR, /R,

!
| i
| |
| |
1 '
| |
1 |
| i
| |
i L

anda/R,, and explain the rather large resulting uncertainties, we a4t a3 .,

also show the posterior probability distributions and Zro- 00 0.3 0.6 0.07 008 009 4 6 8
jections of the combined MCMC chain for these parameters ir b R, [R, o/R,
Figure5.

We used the photospheric parameters from spectral analysis
and the stellar density derived from the transit modelindeo Fig.5. Selected posterior probability distributions and two-
termine the star's fundamental parameters in the,(W/3/R,) dimensional correlations for the transit fit. The panelsiglthe
space. UsingSTAREVOL evolution tracks (Palaciogrivate diagonal show single-parameter posterior probabilityritis-
com), we find the stellar mass to Bé, = 1.32+ 0.10Mg and tions forb, Ry/R, anda/R.. The red, blue, and dashed blue
the stellar radiuR, = 1.46%3! Ry, with an age in the range vertical lines indicate the location of the best-fit, medad

1.14-335 Gyr. This infers a_gﬁ?face gravity of lag= 4.23+012 the limits of the 68.5% confidence interval for each paramete
in good agreement with the spectroscopic value. 020" The df-diagonal panels show, for each pair of parameters, scat-

Calculations using CESAM (Morel & Lebretdn 2008, self" Plots of 1000 points randomly selected from the combined
also Guillot & Havel 2010) confirm these solutions. The agdCMC chain. The density of the points approximates the joint

constraints, 1.91.7 Gyr, are however extremely weak, and yiel§0Sterior probability distribution.

2 The choice of which statistic to report is a somewhat trickg.o
When the distributions are (close to) Gaussian, the mediast prob-
able and best-fit values coincide. When the distributiomsskewed,
as in the case db for example, the median, most probable and bespossible pre-main sequence solutions with extremely young
fit values can dfer signficiantly. Whilst the best fit value maximisesages.
the merit function for the particular dataset being analysehas no . -, .
special physical meaning. We adopt the value which divitleptoba- We derived for the transiting companion:#63.3+4.1 Myyp
bility distribution in half, namely the median, as it is aagly the most and R=1.12032 Ryyp
physically meaningful.
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Table 3. Star and companion parameters. in that case however, magnetic braking in the central star (e
see Barker & Ogilvie 2009) will lead to a loss of angular mo-
Parameters Value mentum that will be transferred to the orbit of the companion
Transit epocfly, [HID] 2454753.56080.0011 through tides and lead to orbital decay. We thus propose that
Orbital periodP [days] 3.0603&0.00003 close-in massive planets, brown dwarf or M-dwarf can su#viv
Transit duratiord, [h] 3.24+0.1 when orbiting early or mid F-type dwarfs but that they tend to
, . ) be engulfed by G-type (or late F-type) dwarfs. In the case of
g;?;ﬁ;;ﬁﬁgggtﬁm - ?gé%d)l L CoRoT-15, we thus expect that the star should be abo¥@5

M, to avoid dficient spin-down, and that the system should be
at or close to double-synchronisation (i.e. the spin peoiiithe
star should be close to the orbital period of its companion).

Systemic velocitWo_narps [kMs™]  2.23:0.11
Systemic velocityWo_nires [kms™]  1.09+0.07

Radius ratidR./R, 0.078800039

.0029
Scaled semi-major axis/R, 6.68ﬁ§;§§ 3.0
Impact parametels 0.38)5: oI
M¥3/R, [solar units] 0.75§;‘§ 251
Stellar density, [gcm™3] O.GOi%g i
Inclinationi [deg] 86.7%3 — 201 -
Effective temperatur@es ¢ [K] 6350+200 % ] 5? -
Surface gravity logl [dex] 4.3:0.2 3
Metallicity [Fe/H] [dex] 0.1x0.2 I =
Rotationl velocityvsini [km s™] 19+2 T 10 -
Spectral type F7v : -
Star mass [M] 1.32+0.12 0.5 a -
Star radius [R] 1-46t8:il; r brown dwarfs stars
Distance of the system [pc] 12¥800 0.0 ‘

10 100

Orbital semi-major axis [AU] 0.0450014 Mass [My,]
Companion masb/. [M 63.3+4.1 . . L.
Comganion radiuggc[[RJj;]“] 1.12+030 Fig.6. Masses and radii of eclipsing brown-dwarfs and low-
Companion density, [g cm-3] 59th°‘15 mass stars (circles with error bars, as labeled) comparttto
Equilibrium temperaturd " [K] 1740120 oretical mass-radius relations (lines). The lines cowaspto

isochrones of ® (upper orange lines) and 5Ga (lower blue
lines), respectively. The dashed lines are calculatedsfiaied
6. Discussion and Conclusion brown-dwarfs and low-mass stars. The plain lines include th
effect of irradiation withTeq = 1800 K. The dash-dotted lines
include irradiation and account for a 50% coverage of thegho
here with low-temperature spots (see text). A 5Ga isoghro
or isolated brown dwarf# stars from Barfie et al. (2003) is
OsPown for comparison (dotted line).

CoRoT-15b is one of the rare transiting companion that les
the theoretical mass domain of brown dwarfs (13-75 MJup,
one adopts the present IAU convention). Contrary to CoRmT-
(Deleuil et al[2008) that is located in the overlapping oedve-
tween the massive planet and the brown-dwarf domain, CoR
15b is well in the mass domain of BDs. Expanding a bit the
mass domain, one can easily include in this ensemble the highlt is interesting to see that given thesini and stellar ra-
mass "planets” (M> 10 My XO-3b (Johns-Krull et al. 2008) dius determinations, the projected spin period of the a¢star
and WASP-18b (Hellier et &l. 2009), and in the M-dwarf regimés P/sini, = 3.9*2%days. An LS periodogram shows the pres-
OGLE-TR-122b (Pont et al. 2005a) -123b (Pont et al. 2006)ence of many peaks possibly due to low-level discontingiitie
106b (Pont et al. 2005b), and HAT-TR-205-013 (Beatty et ahe lightcurve. The most robust peak compatible withusani
2007). Interestingly, all these objects are found to orbiyfe determination lies between3d® and 034 cyclegday, and may
stars (see also Deleuil et al. 2008), with one exception: BGLthus be linked to a stellar spin period between 2.9 and 3.%.day
TR-122b orbits a G-type dwarf but has a much longer orbit@he CoRoT-15 system thus appears to be indeed close to double
period (7.3 days compared to less than 4.3 days for all otrer @ynchronous. Further observations of the system and ifcpart
jects). lar a precise determination of the stellar spin period wded
Early- and mid-F-type dwarfs have the particularity of bea powerful mean of understanding the dynamical evolution of
ing fast rotators, independently of their age (Nordstronalet this system. Coupled to studies of similar systems, this atsy
1997), a consequence of a small or inexistent outer comeectyield strong constraints on the on the tidal dissipationidam
zone, weak stellar winds, and reduced losses of angular momie-type dwarfs.
tum. The tides raised on a star by its close-in companiomépla CoRoT-15b is also extremely interesting for its size in com-
brown dwarf or star) have long been known to pause a threatgarison with other objects in this mass range, and of ewaiuti
its survival (e.g. Patzold & Rauér 2002). This is true whiea t tracks for hydrogen-helium brown dwarfs and stars. Fidure 6
star’s spin is slower than the orbital period of the companioshows that it appears inflated compared to standard evolutio
a common situation for close-in exoplanets. However, massi tracks for these kind of objects (Bdfa et al. 2008), although
enough companions have the possibility of spinning-up the sit may be compatible with a young age if the true size is at the
and may escape engulfment if the total angular momentumlofver-end of the one inferred from our measurements. Howeve
the system is above a critical value (Levrard ef al. 2009¢rEvwe notice that the same problem arises for OGLE-TR-123b,
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OGLE-TR-106b and, but to a lesser extent, HAT-TR-205-813Barker ,A., & Ogilvie, G.I., 2009, in Cosmic Magnetic Field&om Planets, to
The two other known brown dwarfs with direct radius measure- Stars and Galaxies, Proceddings of the International Astrocal Union,

. . R . IAU Symposium, 259, 295
ments, discovered in the 2MASS J05352184-0546085 ectips Latty, T..G., Fernandez, J.M., Latham, D.W., et al. 20%],/63, 573

binary system (Stassun et al. 2006), have very large radli ( rooks, S. P. & Geldman, A., 1997, Journal of Computatiomal &raphical
and 6.5 Byp) but related to the very young age of the system (  statistics, 7, 434
1 Myr), still in the earliest stages of gravitational comtian. Bruntt, H., Deleuil, M., Fridlund, M., et al., 2010, A&A, 5181

In order to examine possible solutions to this puzzle (othgﬁgg‘r’;’; g &é-;ﬁzzg Jj 12‘93;‘?&"'\{”32' 06057' 3A0§A A7 L17
than a systematic overestimation of the mferr.ed sizes Her tDeeg, H., Gillon, M., Shporer, A., et al., 2009, AGA, 506 343
systems knqwn thus far), we calculate_ evolution t.racksgjsnn;deun, M., Deeg, H., Alonso, R., et al., 2008, A&A, 491, 889
CEPAM (Guillot & Morel|[1995), but adding the dominant ther£ndl, M., Kurster, M., Els, S., 2000, A&A, 362, 585 _
monuclear reaction cycle, namely the pp-chain (see Bur&wsGefm’ Z.W., K'”E_J- H., '-Ogangtha“r_sz-lonlf Simulatioh V6, 60
Liebert(1993). The atmospheric boundary condition is adjlis Gﬁ“r,';?n’TA&fAEfef% Dig%’slzz/.{ss tigzucl%gsmence' e
to the Bardfe et al. (2008) evolution tracks, using the analytic@iot, T. 2010, A&A. in press (arXiv:1006.4702)
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